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Bone marrow-derived multipotent mesenchymal stromal cells (MSCs) are the most frequently investigated cell
type for potential regenerative strategies because they are relatively easy to isolate and are able to differentiate
into several mesenchymal lineages. Unfortunately, during ex vivo culture, MSCs present gradual loss of dif-
ferentiation potential and reduced clinical efficacy. Reactive oxygen species (ROS) are associated with oxidative
damage and accumulate during MSC expansion. Because ROS are believed to be involved in the loss of mul-
tipotency, we hypothesized that compounds with antioxidant activity have the capacity to scavenge ROS,
prevent cellular damage, and rescue culture-induced loss of multipotency. In this manuscript, we show that
antioxidant supplementation can partially rescue the loss of alkaline phosphatase expression induced by oxi-
dizing agents and increases the yield of hMSCs, when supplemented to a fresh bone marrow aspirate. Con-
comitantly, oxidative DNA damage and ROS levels in hMSCs were reduced by antioxidants. We conclude that
antioxidant supplementation during MSC expansion reduces the DNA damage load and increases the MSC
yield.

Introduction

Mesenchymal stromal cells (MSCs) are being inves-
tigated for a diverse range of clinical applications, in-

cluding functional repair of bone defect,1,2 improving the
engraftment of transplanted hematopoietic cells,3 and treat-
ment of graft-versus-host disease.4,5 The possibility to apply
MSCs for bone regeneration has gained considerable interest
in the last decades due to their easy isolation, efficient in vitro
proliferation capacity and broad differentiation potential.6

Preclinical proof of concept has been obtained in animal
models,7 but clinical application has been hampered by large
donor variability and the loss of MSC multipotency upon
expansion in vitro. For instance, it has been demonstrated
that the amount of ectopic bone formation in immune-
deficient mouse models correlated to the extent cells were
expanded in vitro before implantation.8 These observations
are in line with our own observations showing that alkaline
phosphatase (ALP) expression, mineralization, and adipo-
genesis of culture-expanded hMSCs decrease sharply be-
tween passage 3 and 4.9,10 Moreover, we observed that
during in vitro culture of hMSCs, the level of DNA damage
increases and the DNA damage signaling pathway is acti-
vated around passage 3–4.10

Based on this, we hypothesize that loss of multipotency is
the consequence of the accumulation of cellular damage that
cells face during culture. Potential sources of cellular damage
are the so-called reactive oxygen species (ROS), such as hy-
droxyl radicals, superoxide anions, and hydrogen peroxide
(H2O2). ROS can inflict a multitude of damages to cells
resulting in protein misfolding, altered protein conforma-
tion or even fragmentation,11–13 and lipid peroxidation.14

Damage to nuclear DNA includes DNA fragmentation, oxi-
dation of bases, such as 8-oxo-7,8-dihydroguanine (8-oxo-G),
strand breakage,15 and DNA-protein crosslinks. Oxidative
stress frequently results from an imbalance in redox signal-
ing, for instance, due to the production of high level of oxi-
dants during normal cellular metabolism (e.g., mitochondrial
electron transport or NADPH oxidases) or from environ-
mental stimuli (e.g., cytokines).16 Oxidative stress is impli-
cated in the etiology of various degenerative diseases and the
process of aging.16,17 Many mutations that prolong life pro-
vide a global increase in oxidative stress resistance and
enhance antioxidant gene activities, for instance, in some
long-lived strains of Drosophila.18,19 A correlation has been
suggested between the metabolic rate of an organism, its
production of ROS, and life span,20 and later evidence indi-
cates that longevity correlates best to ROS production.21
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ROS have been associated with the pathogenesis of bone
loss-related diseases. For example, aged osteoporotic women
present a marked decrease in plasma antioxidants.22 A bio-
chemical link between increased oxidative stress and re-
duced bone density was also established in a study of 48
women and 53 men.23 Furthermore, osteoporosis has been
noted in two mouse models of premature aging in which a
role for oxidative damage has been suggested.24,25 Finally,
we observed that osteogenic differentiation was inhibited
when hMSCs were exposed to oxidative damage-inducing
agents.10

With the documented link between oxidative damage and
loss of functionality during ageing and MSC expansion,
several studies have addressed the potential use of reagents
with antioxidant properties to suppress this effect. For in-
stance, in hematopoietic stem cells defective in the cell cycle
checkpoint activator ataxia telangiectasia mutated, the self-
renewal capacity can be enhanced through the supplemen-
tation of antioxidative substances such as N-acetyl-L-cysteine
(NAC) to the culture medium.26 Recently, it was demon-
strated that during normal cell culturing, MSCs present low
antioxidant levels and, therefore, display high oxidative
stress. Supplementation of the antioxidant selenium in-
creased the antioxidant capacity of the cells and reduced cell
damage.27 However, it remains unclear whether antioxidant
supplementation is able to restore or prevent the loss of
multipotency and proliferation observed during in vitro ex-
pansion and whether it could extend the period in which
these cells would remain functionally viable for clinical ap-
plications. We, therefore, investigated the role of antioxi-
dants during in vitro expansion and differentiation of hMSCs.
We used a model system to mimic oxidative damage gen-
erated during hMSC in vitro expansion to further elucidate
the effect of oxidative damage in the loss of differentiation
potential, as well as the role of antioxidants to prevent or
reduce damage accrual. Selected antioxidants were tested for
their capability to prevent/restore the loss of multipotency
that hMSCs face during normal in vitro culturing.

Materials and Methods

Isolation and culture of hMSCs

Bone marrow aspirates were obtained from the acetabu-
lum of three donors (two males, one female, aged 65–66
years old) with written informed consent. In short, aspirates
were resuspended using 20G needles, plated at a density of
5 · 105 cells/cm2, and cultured in the hMSC proliferation
medium (PM) containing the a-minimal essential medium
(Life Technologies), 10% fetal bovine serum (Cambrex),
0.2 mM ascorbic acid (ASAP; Life Technologies), 2 mM L-
glutamine (Life Technologies), 100 U/mL penicillin (Life
Technologies), 10mg/mL streptomycin (Life Technologies),
and 1 ng/mL basic fibroblast growth factor (bFGF; In-
struchemie). Cells were grown at 37�C in a humid atmo-
sphere with 5% CO2. The medium was refreshed twice a
week and cells were used for further subculturing or cryo-
preservation when reaching 80%–90% confluence. After ex-
pansion, cells were characterized for surface marker
expression, and presented the typical MSC expression profile
[ > 90% positive for CD73, CD90, and CD105; < 2% positive
for CD11b, CD19, CD34, CD45, and low expression of HLA-
DR (around 6%)] as described previously.10 The hMSC basic

medium (BM)/control medium was composed of hMSC PM
without bFGF. The hMSC osteogenic medium (OM) was
composed of hMSC BM supplemented with 10 - 8 M dexa-
methasone (dex; Sigma), and the hMSC mineralization me-
dium (MM) was composed of BM supplemented with 10 - 8

M dex and 0.01 M b-glycerophosphate (Sigma). Oxidants
(tert-butyl hydroperoxide (t-BHP) at 50 mM, peroxynitrite at
30mM, ascorbate/Fe2 + at 250 mM, and H2O2 at 30 mM) and
antioxidants (D-mannitol at 5 mM, Trolox at 50 mM, and so-
dium selenite [NaSel] at 100 nM) were supplemented to the
medium when indicated for the duration of 6 days. The
optimal concentration of each oxidant/antioxidant was pre-
determined based on assessing its effect on cell viability (see
Results section). In every experiment, all the conditions were
performed at the same time, using cells from the same do-
nors, at the same population doubling, and using the same
medium and the same culture conditions; sometimes, the
conditions were split on the graphs for interpretation pur-
poses only.

Proliferation and viability

To assess the effect of antioxidant supplementation on
hMSC proliferation and viability, cells were seeded at 1000
cells/cm2 in PM until they reached 80%–90% confluence and
were then counted using either a Coulter Counter or using
the Alamar blue assay. Briefly, the Alamar blue solution was
diluted 1:10 in a culture medium, and cells were incubated
for 4 h. The Alamar blue solution from each well was then
transferred into 96-well plates, and fluorescence was mea-
sured using a VICTOR3 luminometer (Perkin Elmer).

ALP activity

For the biochemical ALP assay, hMSCs were seeded at
1000 cells/cm2 and allowed to adhere for 10–15 h in BM, and
then cells were grown in OM for 6 days. Each experiment
was performed at least in triplicate with a negative control
(cells grown in BM) and a positive control (cells grown
in OM). Briefly, cells were washed twice with phosphate-
buffered saline (PBS; Life Technologies) and lysed using a
0.2% Triton X-100 solution in 100 mM PBS pH 7.8, supple-
mented with a protease inhibitor cocktail (Roche Applied
Science). The lysate was incubated in the dark at 25�C
with CDP-Star substrate (Roche) and allowed to react for
30 min. Luminescence was measured using a VICTOR3

luminometer (Perkin Elmer) at 25�C. The total ALP lumines-
cence was normalized for the cell number using Alamar blue
as a readout. The data were then analyzed using one-way
ANOVA and the Tukey post-test with a significance of 0.05.

Immunofluorescence staining of 53BP1 foci

Immunostaining for 53BP1, a P53 binding protein that
relocates to the site of DNA strand breaks, was performed to
measure the level of DNA damage in the cells. Cells were
grown on glass coverslips for at least 48 h before im-
munostaining to minimize stress as a consequence of pas-
saging. Cells were washed twice with PBS and fixed for
20 min with freshly prepared 4% paraformaldehyde in PBS.
After permeabilization for 20 min with PBST-0.2% (PBS with
0.2% Triton X-100), cells were blocked in 3% bovine serum
albumin (BSA) in PBST-0.1% for 1 h. The 53BP1 antibody
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(Novus) was diluted in a blocking buffer and incubated
overnight at 4�C. Samples were then washed with Tris-
buffered saline with Tween-20 (TBST), incubated with the
Alexa-488 secondary antibody, and visualized by confocal
laser scanning microscopy. At least 50 cells were analyzed
for each condition except for one condition with a lower
number (42 cells).

Oxidative stress determination (8-oxo-G and
CM-H2DCFDA)

For the determination of oxidative stress load, two dif-
ferent methods were employed. The first method is based on
the detection of 8-oxoguanine adducts in fixed permeabilized
cells using flow cytometry. After fixation and permeabiliza-
tion of hMSCs, a FITC-labeled protein conjugate specifically
binding to the 8-oxyguanine moiety was added for 1 h, ac-
cording to the manufacturer’s instructions (Argutus Medical
OxyDNA test; BD Biosciences). The presence of the oxidized
DNA was then measured by FACS in at least 10,000 cells.

The second method consisted in the direct detection of in-
tracellular reactive oxygen metabolites as described previ-
ously.28 CM-H2DCFDA is a cell-permeant indicator for ROS
that is nonfluorescent until removal of the acetate groups by
intracellular esterases, and oxidation occurs within the cell.29

Shortly, adherent cells were harvested with trypsin and
combined with cells floating in the medium. Cells were then
washed and treated with 10mM 5,-6-chloromethyl-2¢,7¢-
dichlorodihydrofluorescein diacetate acetyl ester (CM-
H2DCFDA; Molecular Probes) for 30 min at 37�C. Ten
thousand cells were then analyzed on a BD FACScan.

ALP expression

The effect of oxidative damage inducers and antioxidants
on ALP expression (as a readout for osteogenic differentia-
tion potential) was also measured by flow cytometry. In
short, cells were seeded at 5000 cells/cm2 in BM, allowed to
attach for 10–15 h, and then cultured for 4 days. Each ex-
periment consisted of a negative control (cells grown in BM),

FIG. 1. Effect of oxidative damage inducers and scavengers on proliferation and differentiation of human mesenchymal
stromal cells (hMSCs). hMSCs were cultured in basic medium (BM) or osteogenic medium (OM) in the presence of anti-
oxidants (Trolox 50 mM or D-mannitol 5 mM) (A, B) or oxidative damage inducers (peroxynitrite 30mM; tert-butyl hydro-
peroxide (t-BHP) 50mM, ascorbate/Fe2 + 250 mM and hydrogen peroxide 30mM) (C, D). Proliferation (A, C) and alkaline
phosphatase (ALP) expression (B, D) was measured after 6 days of culture. All conditions were performed at the same time,
and the conditions were split for interpretation purposes only. For ALP, data are expressed as total ALP activity normalized
for cell number. Proliferation is presented as the fluorescence intensity in arbitrary units (Alamar blue). Error bars represent
standard deviation. Statistical analysis was performed using Student’s t-test with a significance of p < 0.05. Asterisks represent
*p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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a positive control (cells grown in OM), and one or more
experimental conditions. After 4 days of treatment, cells were
trypsinized and incubated for 30 min in PBS containing 5%
BSA, after which cells were further incubated in PBS-1% BSA
containing the primary antibody (anti-ALP B4-78; Develop-
mental Studies Hybridoma Bank) for 1 h. Cells were then
washed and incubated with the secondary antibody (goat
anti-mouse IgG conjugated with phycoerythrin) for 30 min.
After incubation, cells were washed three times and re-
suspended in PBS-1% BSA. Viaprobe (BD Biosciences) was
added for live/dead staining and allowed to incubate for
10 min. Cells were then analyzed using a FACScalibur
(BD Biosciences), and ALP levels were determined on live
cells only.

Mineralization and adipogenesis

The mineralization and adipogenesis assay were per-
formed as described previously.9,30 For mineralization,
hMSCs were grown in the MM for 28 days. Then total cal-
cium deposition was assayed using a calcium assay kit
(Sigma diagnostics; 587A). Briefly, the culture medium was
aspirated, washed twice with calcium and magnesium-free
PBS (Life Technologies), and incubated overnight with 0.5 N
HCl on an orbital shaker at room temperature. The super-
natant was collected and measured of absorbance at 620 nm
(Bio-Tek instruments) and expressed as mg/dL. For adipo-
genesis, hMSCs were grown in the adipogenic medium for
21 days, then the cells were fixed overnight in formol (3.7%
formalin plus CaCl2 + 2H2O [1 g/100 mL]), rinsed with water,
incubated for 5 min in 60% isopropanol, and stained for
5 min in freshly filtered oil red O solution. Oil red O stain
was quantified by extraction with 4% Igepal (Sigma) in iso-
propanol for 15 min and measurement of absorbance at
520 nm. Experiments were performed at least in triplicate
using BM as the negative control.

Results

Selection of the optimal antioxidant and oxidative
stress inducer concentrations

To investigate the effect of antioxidant supplementation
on hMSCs (three donors), the optimal concentration of each
inducer or antioxidant/scavenger was established by asses-
sing their effects on cell viability (dose–response curve, see
Supplementary Figs. S1 and S2; Supplementary Data are
available online at www.liebertpub.com/tea). The highest
concentration that did not elicit a profound effect on cell
viability (arbitrary set at a reduction in cell number by 25%
after 6 days of culture compared to control) was used for
future experiments. With the selected concentration of each
inducer or antioxidant/scavenger, we tested their effects on
both the viability and differentiation of hMSCs (Fig. 1).
Supplementation of the antioxidant D-mannitol (5 mM) had
a mild, but significantly positive effect on hMSCs viability in
BM, but no effect in OM (Fig. 1A). The antioxidant Trolox
(50mM) did not influence viability significantly in both BM
and OM. The effect of antioxidant supplementation on dex-
induced ALP activity was evaluated by exposing hMSCs in
BM and OM to the concentrations indicated above for 6 days
after which we did not observe a significant effect showing
that these concentrations of antioxidants do not effect hMSC
viability or differentiation (Fig. 1B). Similarly, we assessed
concentrations in which a panel of oxidative damage in-
ducers had minimal effects on viability (see Supplementary
Fig. S2 and Fig. 1C). However, all the compounds signifi-
cantly reduced dex-induced ALP activity (Fig. 1D). The ef-
fect was most profound when t-BHP was used, with a
decrease from 1.44 – 0.06 (arbitrary units) in the control, to
0.37 – 0.08 in t-BHP-treated cells. Even in BM, t-BHP treat-
ment resulted in a statistically significant decrease in ALP
activity.

FIG. 2. Antioxidant supplementation prevents reactive oxygen species (ROS) induced loss of differentiation. ALP expres-
sion was measured after 6 days of culture in BM or OM and the antioxidant effect (Trolox 50mM and D-mannitol 5 mM) was
measured in two-model systems of oxidative stress induction: t-BHP (50mM) (A) or peroxynitrite (30 mM) (B). All conditions
were performed at the same time, and the conditions were split for interpretation purposes only. Data are expressed as total
ALP activity normalized for cell numbers. Error bars represent standard deviation. Statistical analysis was performed using
Student’s t-test with a significance of p < 0.05. Asterisks represent *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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Antioxidants can rescue ROS damage-induced loss
of differentiation

Next, we tested whether the negative effect of the oxida-
tive damage inducers on dex-induced ALP expression could
be rescued by cosupplementation of ROS scavengers. The
addition of t-BHP to the medium resulted in a reduction in
ALP activity from 1.44 – 0.06 to 0.37 – 0.08, which was par-
tially rescued by the addition of the antioxidants Trolox
and D-mannitol to 0.71 – 0.13 and 0.86 – 0.10, respectively
(Fig. 2A). When peroxynitrite was used to induce oxidative
damage, it resulted in the reduction in ALP levels from
1.44 – 0.06 in the control to 1.14 – 0.13. Cosupplementation of
D-mannitol rescued the effect of peroxynitrite to 1.42 – 0.10.
The effect of Trolox cosupplementation (1.34 – 0.19) was not
significant (Fig. 2B). We conclude that both D-mannitol and
Trolox are able to, at least, partially rescue oxidative damage-
induced loss of differentiation potential. Several other
oxidative damage inducers [2,2¢-azobis(2-amidino-propane)
dihydrochloride (AAPH), H2O2, the pair ascorbate/Fe2 +,
and paraquat] and antioxidants [Taxifolin and manganese
(III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP)]
were tested as well, but for the sake of simplicity only two
models of oxidative stress induction (t-BHP, Fig. 2A; perox-
ynitrite, Fig. 2B) were included in the manuscript.

Selenium reduces oxidative damage load

Because DNA damage accumulation was previously
suggested as a possible cause for loss of multipotency after
extended in vitro culture, we determined whether antioxi-

dant supplementation (D-mannitol and Trolox) could reduce
the accumulation of DNA damage that hMSCs face during
in vitro culture (Fig. 3). NaSel was used as a positive control
because it was previously described to restore antioxidant
capacity and prevent cell damage in hMSCs.27

DNA damage is presented as the percentage of 53BP1-
positive cells or average foci per cell. When t-BHP is added to
hMSCs, the percentage of 53BP1-positive cells increased
significantly from 54.08 – 2.00 in the control (Fig. 3A) to
89.37 – 1.32 in t-BHP-treated cells (Fig 3C). Even more pro-
found, the average number of 53BP1 foci per cell increased
from 0.81 – 0.19 in the control (Fig. 3B) to 4.58 – 0.43 in the
cells treated with t-BHP (Fig. 3C). Addition of NaSel to
hMSCs treated with t-BHP resulted in a significant decrease
in 53BP-positive nuclei from 89.37 – 1.32 to 72.44 – 2.94 in t-
BHP and tBHP + NaSel, respectively. Similarly, NaSel treat-
ment significantly reduced the number of foci per cell from
4.58 – 0.43 in the t-BHP-treated hMSCs to 3.30 – 0.18 when t-
BHP and NaSel were added. D-mannitol and Trolox treat-
ment resulted in a reduction in the average number of 53BP1
foci, but this was not statistically significant.

When hMSCs were grown under normal culture condi-
tions, the addition of NaSel resulted in the reduction of
53BP1-positive cells from 54.08 – 2.00 to 40.67 – 1.82, with
and without NaSel, respectively. Addition of D-mannitol
and Trolox did not result in a significant change in the per-
centage of 53BP1-positive hMSCs under normal culture
conditions (Fig. 3A), and in the case of Trolox, we even ob-
served a mild increase in the average number of foci per cell,
but not the percentage of 53BP-positive cells.

FIG. 3. Effect of antioxidant supplementation on DNA damage accrual. Effect of antioxidants (D-mannitol 5 mM, Trolox
50 mM, and sodium selenite [NaSel] 100 nM) on DNA damage load (A, B). DNA damage load was assessed by quantifying the
percentage of 53BP1-positive cells (A, C) and the number of 53BP1 foci per cell (B, D) either in the absence of oxidative
damage inducer (A, B) or in the presence of the oxidizing agent t-BHP (50mM) (C, D). All conditions were performed at the
same time, and the conditions were split for interpretation purposes only. Error bars represent standard deviation. Statistical
analysis was performed using one-way ANOVA and Tukey’s post-test with a significance of p < 0.05. Asterisks represent
*p < 0.05, **p < 0.01. ns, not significant.
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Supplementation of antioxidants enhances the yield
of hMSCs

To investigate whether antioxidant supplementation re-
duces the oxidative damage load during in vitro culture, we
exposed hMSCs to antioxidants from the moment that the
bone marrow aspirate was placed in the tissue culture flasks.

To prove the efficacy of antioxidant supplementation,
hMSCs were minimally expanded (passage 1), either in the
presence or absence of antioxidants/scavengers, and then
several parameters were evaluated (Fig. 4). Because 8-
oxoguanine is the most common DNA adduct during oxi-

dative damage and its production is linked to an increased
risk of mutagenesis, the 8-oxo-G content was measured by
flow cytometry. When the normal culture medium was
supplemented with Trolox, we detected a significantly lower
level of 8-oxoguanine adducts compared to hMSCs grown
under normal conditions (from 100% – 5.94% in the control to
84.71% – 2.69%) (Fig. 4A). We also measured the intracellular
ROS production because part of the oxidative DNA damage
cells face is created by normal metabolic activity. As can be
seen in Figure 4B, both D-mannitol and Trolox signifi-
cantly reduced intracellular ROS formation (from control
100.10% – 1.35% to 88.65% – 2.39% and 87.53% – 5.19%, for

FIG. 4. Effect of antioxidant supplementation on cellular parameters of hMSCs (passage 1). The effect of antioxidant
supplementation (D-mannitol 5 mM, Trolox 50 mM, and NaSel 100 nM) on DNA damage load (A, B), on proliferation in vitro
(P0) (C) and differentiation potential (P1) (D, E) were evaluated. Oxidative damage accrual was assessed by quantifying 8-
oxoguanine adducts (A) and intracellular ROS production (CM-H2DCFDA) (B) and expressed as percentage reduction of the
mean intensity, relative to the control. Proliferation is expressed as thousands of cells/mL of culture medium (C). Percentage
of ALP-positive cells was analyzed by FACS after 6 days, both in the presence or absence of the osteogenic inducer
(dexamethasone) (D). Mineralization capacity was also measured and calcium accumulation was quantified and expressed as
mg/dL (E). Error bars represent standard deviation. Statistical analysis was performed using Student’s t-test with a signif-
icance of p < 0.05. Asterisks represent *p < 0.05, **p < 0.01, ***p < 0.001. Dex, dexamethasone.
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D-mannitol and Trolox, respectively). Selenium was able to
reduce intracellular levels to 90.23% – 5.75%, although the
observed difference was not statistically significant.

We then tested whether the reduction in oxidative damage
by the antioxidants/scavengers was reflected in hMSC
growth and differentiation parameters. The compounds
were added when the fresh bone marrow aspirate was plated
and cell numbers were determined when cells nearly reached
confluence. In the donor tested (D 215), supplementation of
all scavengers resulted in a significantly higher MSC yield
(281,400 – 18,560 cells, 268,540 – 21,024 cells, and 278,720 –
7005 cells, for hMSCs supplemented with D-mannitol, Tro-
lox, or NaSel, respectively), than control (154,898 – 16,220
cells) (Fig. 4C). When a mineralization experiment was per-
formed with these cells (Fig. 4E), the hMSCs grown on the
presence of Trolox displayed a small, but statistically sig-
nificant enhancement of mineralization. In contrast, the an-
tioxidants had no effect on dex-induced ALP expression (Fig.
4D). When the cells were expanded up to passage three in
the three different antioxidants, we observed no beneficial
effect in the differentiation assays (mineralization and adi-
pogenesis) (Fig. 5).

Discussion and Conclusions

During normal culturing conditions, hMSCs accumulate
DNA damage and oxidative stress, and their antioxidant
capacity is reduced.27 The in vivo performance of hMSCs is
also dependent on the extent of expansion. Supplementation
of the antioxidant selenium was shown to reduce the oxi-
dative stress levels in hMSCs by restoring the antioxidant
capacity of the cells.27 However, several questions still re-
mained, for example, whether antioxidant supplementation
could delay the functional senescence of MSCs after long-
term in vitro culture. To investigate the effect of antioxidant
supplementation in reducing the early aging of hMSCs
in vitro, we tried to establish different model systems of in-
duction of damage (oxidative stress), and therefore chemi-
cally induced loss of differentiation potential and
concomitantly tested whether this process could be reversed
by the usage of antioxidants.

There is a wide variety of compounds with known anti-
oxidant activity with a broad range of action. Therefore, our

first step was to screen a set of antioxidants and inducers.
After testing first their effect on cell viability and then on the
ALP levels, we concluded that the best antioxidants to test
further were D-mannitol and Trolox and decided to use
peroxynitrite and t-BHP as inducers.

D-mannitol is reported to be a potent hydroxyl-free radi-
cals scavenger,31,32 while Trolox is a vitamin E hydrosoluble
analogue, which is known to bind the cell plasma membrane,
where it exerts its main function of protecting cells from lipid
peroxidation.33 The oxidizing agent selected is t-BHP, a well-
known compound and its toxicity is widely characterized.34–36

Peroxynitrite (ONOO - ) is formed when nitric oxide (NO)
reacts with the superoxide anion (O2

- ) and its generation
can lead to oxidation and nitration of lipids, DNA, and
amino acid residues on proteins.37,38 It is also responsible for
the formation of other dangerous reactive species. This
compound has the capacity to act in a hydroxyl radical-like
manner to induce lipid and protein oxidation, readily reacts
with CO2 to form nitroso peroxocarboxylate (ONOOCO2

- ),
can become protonated as peroxonitrous acid (ONOOH),
and can undergo homolysis to form either hydroxyl (�OH)
radicals and nitrogen dioxide (�NO2) radicals, or be rear-
ranged to nitrate (NO3).39

After establishing a model system to mimic the oxidative
stress that hMSCs face in culture, we then assessed whether
these antioxidants were able to reverse the chemically in-
duced loss of differentiation potential. Indeed, we show that
both Trolox and D-mannitol were able to partially decrease
the chemically induced loss of differentiation potential,
which lead us to test whether these antioxidants were also
able to revert or prevent the loss of differentiation potential
after in vitro expansion, since a similar process is believed to
occur. For those experiments, selenium was used as a posi-
tive control since it has previously demonstrated its efficacy
on restoring the antioxidant capacity of hMSCs.

Although selenium was able to reduce the chemically in-
duced oxidative stress levels (the total percentage of positive
cells and average foci per cell), the effect seems to be on
prevention of oxidative stress rather than actually a reversal
of the damage already accumulated, since it failed to rescue
cells that had already lost their differentiation potential after
extensive in vitro expansion. Therefore, we investigated
whether long-term, continuous supplementation of different

FIG. 5. Effect of continuous antioxidant supplementation on cellular parameters of expanded hMSCs (passage 3). Effect of
antioxidants (D-mannitol 5 mM, Trolox 50 mM, and NaSel 100 nM) on differentiation potential of in vitro expanded hMSCs in
the presence of antioxidants. Adipogenic differentiation (A) and mineralization (B) were assessed in passage 3 cells. Error
bars represent standard deviation.
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antioxidants was able to significantly prevent oxidative
stress accumulation and enhance biological activity.

Interestingly, antioxidant supplementation had a benefi-
cial reducing effect on the level ROS and 8-oxo-G in the cells
and a positive effect on the total yield of cells that could be
obtained from the bone marrow aspirate. Supplementation
of antioxidants during the early expansion phase can be an
easy way to increase the total yield of low passage cells. We
can only speculate on the precise mechanism responsible for
this observed increase in cell numbers, but some possibilities
could be the suppression of cell death and apoptosis by re-
ducing the oxidative stress levels, by affecting the attach-
ment during the initial phase or by actively inducing
proliferation. Furthermore, we showed that antioxidant
supplementation (especially Trolox) was able to significantly
reduce the oxidative damage cells face during the initial
phase of culture. This is in line with other reports where
authors show that Trolox and other antioxidants were able
to markedly inhibit the formation of 8-oxoguanine ad-
ducts in a concentration-dependent manner.40 Intracellular
vitamin C concentrations were shown to be negatively cor-
related with 8-oxo-deoxyguanosine concentrations in lym-
phocytes from 105 healthy volunteers.41 Furthermore,
vitamin C has also been shown to act as an antioxidant
in vivo42 and from the 44 published in vivo studies examined,
38 demonstrated a decrease in the number of markers of
oxidative damage to DNA, 14 showed no differences, while
only 6 reported an increase in oxidative damage after sup-
plementation with vitamin C.

Next, we investigated the effects of oxidants and antioxi-
dants on the differentiation potential of hMSCs. Recent
studies support the hypothesis that ROS involves in the
regulation of stem cell differentiation, although the under-
lying mechanism remains to be found. It has been suggested
that stemness is characterized by the presence of structurally
unsaturated metabolites whose levels decrease upon differ-
entiation; and the activation of oxidation is a metabolic sig-
nature for the differentiation process.43 Ji et al. showed that
differentiation of human embryonic stem cells into bi-potent
mesendodermal cell lineage increased in ROS-inducing con-
ditions; moreover, this ROS-inducing differentiation was
decreased by free radical scavenger treatment.44 Liu and
coworkers reported that using a standard adipogenic dif-
ferentiation cocktail (IDII: insulin, dex, indomethacin, and
3-Isobutyl-1-methylanxthine), adipogenesis was induced in
human adipose-derived stem cells, which was accompanied
by ROS generation; when ROS was scavenged with NAC
or EUK-8, this IDII-induced adipogenesis was inhibited.45

Smith et al. demonstrated that the intracellular redox state in
dividing oligodendrocyte-type-2 astrocyte progenitor cells
was strongly associated with their balance between self-
renewal and differentiation; and that signaling molecules
that promote pluripotency make the cells more reduced,
whereas those that promote differentiation make the cells
more oxidized.46

Addition of antioxidants revealed minor or no beneficial
effects on the differentiation potential (ALP and mineraliza-
tion) of early expanded hMSCs, which could be due to the
fact that cells had been only minimally expanded and still
presented their maximum differentiation potential. To fur-
ther confirm this, we assessed the effect of antioxidant sup-
plementation on further expanded hMSCs, since after this

expansion period, cells are known to accumulate signifi-
cantly higher levels of DNA damage, as previously de-
scribed.10

Unfortunately, hMSCs still presented a decrease in dif-
ferentiation potential and the addition of antioxidants was
not able to prevent the oxidative damage load cells face
during in vitro culture. One of the reasons behind this could
be the fact that hMSCs are accumulating high amounts of
oxidative damage and that the observed preventive effect of
antioxidant supplementation was unable to fully prevent the
accumulation of oxidative damage during culture, ultimately
leading to the loss of differentiation potential and render
these cells less optimal for clinical usage. In addition, there is
a huge variety of oxidizing radicals and these antioxidants
only manage to scavenge a subset of them. Their half-life is
also limited while oxidative damage is being constantly
produced. Unfortunately, higher concentrations of antioxi-
dants cannot be used since they produce cytotoxic effects.
The discovery of novel and more potent antioxidants with
lower side effects would be highly interesting, and a com-
bination of several antioxidants might be worth testing.

Here we show that continuous antioxidant supplementa-
tion during the early expansion phase of hMSCs, leads to an
enhanced yield of hMSCs, which can be of high interest for
clinical applications. We have also shown that Trolox sup-
plementation can reduce the oxidative damage cells face
during early culture periods. However, the beneficial effects
shown by antioxidants were unable to rescue hMSC differ-
entiation capacity after in vitro expansion, which could have
been explained by several factors.

Oxidative damage to DNA, lipids, and proteins is a reality
during in vitro culturing since hMSCs are expanded out of
their natural niche. Although there is a constant improve-
ment of the culture conditions, they are still far from optimal,
and may be the cause for the early loss of functionality. This
might be a consequence of epigenetic events among other
factors, such as improper cell–cell contacts, improper surface
area, or protein modifications by oxidative damage, all of
which might change the gene expression profile of hMSCs,
and lead to the loss of expression of important proteins and
ultimately to loss of multipotency.

Further work still needs to be performed to understand
the basic phenomenon behind loss of multipotency after
in vitro expansion to prevent it for occurring during normal
culturing conditions. Other antioxidants can be further tested
and might present a higher preventive activity and therefore,
the results obtained here, leave a window for further ex-
perimentation.
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